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The sound transmission loss measurements of small-sized panels ideally require perfect sealing of
the panel frame and a rigid construction of the filler wall that encloses the panels. In practice, sup-
pression of flanking transmission is achieved by having a sufficient isolation between both the
source and the receiver rooms and blocking the indirect transmission by installing additional ele-
ments on the surfaces of both rooms. At the outer edges of the panel, the frame is supported by
acoustically reflective materials and insulations to reduce the energy propagating into the wall. The
sound transmission loss of the panels can be improved by installing layers that contribute to addi-
tional or more efficient dissipation. These layers are installed in such a way that they are tightly
bolted into the frame with a niche being introduced on sides to further secure the panel within the
opening. However, for panels with alternating layers of solid and porous materials, or with acoustic
cavities, the structural rigidity of the supporting frame and joints are the primary factors that cause
the flanking transmission. In this study, we investigate the extent of this transmission, and identify
the vibration transmission paths and assess their negligibility in measurement of the sound trans-
mission loss of the multilayer panels. A source-path-receiver approach has been proposed for rank-
ing the critical transmission paths for different panel configurations. For this purpose, a numerical
framework has been developed to measure the acoustic response of the room and vibration response
of the structural elements at operating conditions. A finite element model in COMSOL is set to val-
idate the results and is compared with an in-house analytical solution which shows good agree-
ments. Assessment of the vibration and acoustic signals at sub-structures reveals transmission paths
that are significant for the performance evaluation of multilayer panels.

Keywords: Sound transmission loss, vibration transmission, wave propagation, diagnostics,

transfer path analysis
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1. Introduction

Sound transmission loss (STL) of finite panels and partitions has been studied for many decades [1—
4]. Theoretical calculations are based on infinite panel theory including finite or infinite baffles, panel
edge effects and boundary conditions. However, in practice five major factors influence the STL meas-
urement: panel design and manufacture, depth of niche, size of the receiving room and the source
room, panel mounting as well other boundary conditions with regards to the wall and the niche.

Changing the size and thickness of the panel shifts the critical frequency, which is defined as the
lowest coincidence frequency where the trace wavelength of the acoustic wave matches that of the
structural vibration in bending. By variation of the panel size, modal frequencies and effective panel
impedance also changes. The diffuse field forced radiation efficiency increases with sample size, indi-
cating that smaller panels will have a higher STL below the coincidence frequency [5,6]. At the coinci-
dence region the panel radiates sound very efficiently indicating that the panel itself becomes the dom-
inant radiator with edge effects being reduced and, in general, size effects becoming negligible [7].

In most experimental studies which involve sound insulation materials in small openings, the acous-
tic baffle (otherwise known as the filler wall) is commonly a material of high density which also con-
sists of several partitions, such as dry concrete, gypsum wall and glass wool. The test panel can either
be installed at the source or receiving room end, or at a niche depth with respect to the surface of the
baffle. The STL of a single panel in a niche is smaller than that found for an infinite rigid baffle and the
maximum difference in STL occurs when the panel is installed at the centre of the aperture [8,9]. Fur-
thermore, location affects the STL due to the tunnelling effect [10]: If the depth of a niche is compara-
ble to the acoustic wavelength it acts as a waveguide, altering the sound field on both sides of the pan-
el. For off-resonant frequencies which lie below the coincidence frequency, response of the panel in-
creases with increasing niche depth, and sound pressure in the receiving room increases due to the
shielding of near-grazing angles by the niche. The combined effect contributes to STL reduction when
compared to a panel within an infinite rigid baffle. At the resonant frequencies, the niche results in re-
duction of the panel velocity and sound pressure in the receiving room; thus, increasing the STL from
the panel [8,11]. The dependence of STL on niche depth and panel location makes the comparison and
validation across different laboratory results difficult [12]. It is recommended by [13,14] that a stag-
gered niche could be introduced to eliminate some of these frequency-dependent behaviours. The niche
on the source side should be wide enough to reduce the coupling between the niche modes at both sides
of the panel at large wavelengths. However, it is also noted that a larger value of the niche may also
increase the STL at higher frequencies, thus leading to an overestimation of STL [11].

In the low frequency range, STL is influenced by the modal behaviour of the chambers, the built-in
niche, and the panel. The number of modes and the strength of coupling between the various modes
also affect the STL [11]. The frequency around in which modal behaviour of the chamber transitions
into diffuse behaviour is expressed by the Schroeder frequency which is a function of the dimensions of
the source and the receiving rooms’ dimensions, and their reverberation time [15]. Furthermore, the
STL results are affected by both the panel mounting conditions and the boundary conditions, while the
boundary conditions alone become increasingly important at higher frequencies still below the coinci-
dence frequency [8]. The STL above the coincidence frequency is largely independent of the laboratory
design and the mounting conditions [16]. Above the coincidence frequency, there is a power flow
which extends from the edges of the panel into the baffle [16,17]; this is highly dependent on the panel
to baffle connections. Due to stiffness and damping of the wall segment under consideration, vibration-
al energy originating from the panel and travelling into the wall dissipates; this becomes more signifi-
cant for heavier-weight designs in turn contributing to a higher STL. Figure 1 illustrates the possible
transmission paths between the rooms in a test facility, which stem as source from either the partition
(D) or the flanks (F) and being transmitted to either the partition (d) or the flanks (f). In this notation,
Dd refers to the direct transmission path, whereas Df indicates transmission from the partition into the
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flanking construction from which the sound then radiates. Fd and Ff correspond then to the transmis-
sion paths that originate from the flanking constructions and radiate through direct and flanking con-
structions, respectively [18]. In general, flanking transmission constitutes a combination of Df, Fd and
Ff. However, there are very few comprehensive studies exploring the relationship between Dd, Df, Fd

and Ff.

D W— Y

source room / L)/)F:/Ff

)>> Dd

i
)
=
S Df
—
j — receiving room
A

Figure 1: Schematic representation of the different transmission paths from source room to receiving room. Dd:
direct transmission path from source room to receiving room through partition; Df: transmission path entering
partition directly and radiating from flanking constructions; Fd: transmission path entering from flanking con-

structions and radiating from partition; Ff: transmission path entering and radiating from flanking constructions.

Hence, the main objective of this study is the STL measurement of finite panels of different material
combinations in multi-layer configurations for the identification of direct and flanking transmission
contributions in a simulated environment. For this purpose, a reliable and robust methodology has been
developed to study the coupling mechanisms between different structural and acoustical domains by
conducting accurate simulations in a validated prediction model created using a COMSOL 5.6 mul-
tiphysics software framework.

2. Modelling and Simulation Setup

Finite element analysis of the full model of the transmission loss suite is computationally expensive
due to the extremely fine mesh requirements in high frequencies. A simplified model is developed to
calculate the transmission loss by a reformulation of the original problem. The method in this study has
an ideal diffuse field on the source side, and an ideal anechoic termination on the receiving side. The
sound field on the source room is defined as a sum of uncorrelated plane waves of unit amplitude mov-
ing in random directions. Hence, the source room pressure field can be expressed as

N
1
Proom = \/_Nz exp (_i(kn,x + kn,y + kn,z)) exp (i¢)n) (1)
n=1

where k, , = cos(0,), ky,, = sin(68,) cos(¥,,), k,, = sin(8,) sin(yh,,) and 6,,, P, are polar angles

while ¢,, represents the phase. N is the number of plane waves and i = vV —1. For each of the n in the
summands in Eq. (1), a set of parameters for the incident plane wave direction is randomised. The

summation is divided by v/N to ensure a constant acoustic intensity on the incident side.
For a test panel whose incident surface placed at x = 0, the reflected sound field is:

N
1 . .
Prefi = \/_Nz €xp (_l(_kn,x + kn,y + kn,z)) exp (l¢)n) (2)
n=1
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Then, the total pressure at the surface of the panel can be expressed as
Ppanet = Proom t Drefi 3)

The simulation model outlined herein is implemented in COMSOL Multiphysics (version 5.6), us-
ing the Structural Mechanics and Acoustics modules. By using an acoustic half-space, the diffuse field
incident on the source side is implemented as a boundary load py,qn; acting directly on the panel. The
anechoic termination is achieved by a perfectly matched layer (PML) in an air medium, as shown in
Fig. 2. Through this simplification Ff and Df flanking transmission paths (Fig. 1) were considered neg-
ligible, so only the radiated sound from the panel through direct and indirect transmission paths were
calculated. The panel boundaries are fixed on the outer edges. Hence, the sound transmission loss is
calculated by a ratio of incident (P;;,) and transmitted power (P, ) as follows,

STL = 10 logyo(Pin/Psy) 4)

where P, = Re(Droom * Vroom)/4 and Py, =Sl ; () is the dot operator and V,opm =
(=0Pr0om/0x)/ipw is the acoustic particle velocity. S and I, are the panel surface area and transmit-
ted intensity, respectively.

Monopole point source Steel
(sound leakage from corner) -
7 7 Boundary load Polyester
e all transmission) ,
T . Air
S ]
Point load N .
(bolt connection) m Micro Per.
T PML (AN

wool BulAlesay

Boundary load
(diffuse field on source side)

z \
Figure 2: Visualisation of a multilayer panel in a quarter-section model of a reverberant—anechoic transmission
loss measurement setting. The diffuse field on the reverberant (source) side is implemented as boundary load on
the surface of the steel layer. The adjacent layers of the multilayer panel consist of polyester, air cavity, and a
micro-perforated facing on the receiving room side. The locations for the point load (N1 to N5) and monopole
source, which are approximations of bolt connection and sound leakage from corner, respectively, are shown for
reference. The boundary load applied on the air cavity within panel construction denotes the flanking transmis-
sion from the surrounding wall into the panel.

The multi-layer panel of surface area 1 X 1 m? has a steel layer mounted on its source side. Fibrous
insulation (polyester) with 50 mm thickness is installed adjacently, then on the receiving side a
0.3 mm thick microperforated facing with perforations of 0.5 mm diameter is installed, which is sepa-
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rated from the fibrous insulation by a 50 mm air cavity, as shown in Fig. 2 (quarter-section model). The
fibrous insulation and microperforated facing induce losses via friction and thermoviscous interactions
at the micro-pores, respectively. In the numerical model, these losses are implemented in Poroacoustics
module with flow resistivity, porosity, thermal/viscous characteristic lengths and tortuosity factor of the
porous physical domain. The polyester material is characterised by its flow resistivity which is imple-
mented in COMSOL by the Delany-Bazley-Miki poroelastic model [19]. The modelling of a microper-
forated panel can be computationally expensive due to dense mesh requirements in and between the
holes. It has been shown that a thin, porous material can be expressed as an equivalent microperforated
layer by using the geometrical parameters to estimate the corresponding porous material model [20].
Thus, only the pore parameters are calculated for the air medium. Table 1 summarises the material
properties and dimensions for this multi material multi-layer panel configuration.

To discretise the solid and acoustic physical domains a mapped and sweep mesh algorithm is used.
The former uses quadratic serendipity elements, while the latter employs quadratic Lagrange elements,
which have a higher degree of freedom and more accurate in their u/p (displacement/pressure) formula-
tion. The maximum and minimum element sizes in the acoustic domain are chosen with respect to fre-
quency bandwidth, i.e., ¢/5fq and ¢/20fqx, respectively. The solid domain was discretised by at
least 20 elements per wavelength of the of the eigenfrequencies of the bending modes. In the normal
direction at the PML region, the mesh is discretised by 8 elements.

Table 1. Summary of the dimensions and material properties of the multi-layer panel used in the simulations.
Here p, E, v, n refer to the density, the elastic modulus, the Poisson’s ratio and the structural loss factor, respec-
tively. o is the flow resistivity of the polyester material, and c is the speed of sound of the medium air, while d

and p denote the diameter of the perforations and perforation ratio on the microperforated facing, respectively.

Material Thickness ¢ / Depth D Properties
ps = 7850 kg/m3
Steel 2.5 mm E=210Gpa
v=203
n = 0.007
Polyester 50 mm o = 17049 Ns/m*
. . d = 0.5 mm
Microperforated Facing 0.3 mm p = 5.98%
. . pq = 1.25 kg/m3
Air Cavity 50 mm ¢ =343m/s

3. Results and Discussion

In the absence of flanking transmission, i.e., only Dd transmission path is considered in Fig. 1, the
sound transmission loss of the numerical model with material and panel combinations shown in Table 1
is validated by an analytical formulation based on an infinite panel theory [21]. Fig. 3 shows this com-
parison in the frequency range of 10 Hz to 12,500 Hz. In the frequency range up to 250 Hz the analyti-
cal calculations show noticeable differences owing to the boundary conditions, or lack of thereof, for
the infinite panel. In this frequency range, the transmission loss is largely contributed by the stiffness of
the panel and resonant frequencies. This behaviour can be observed by the dips in the transmission loss
at 24 Hz and 93 Hz for the steel case, where due to the bending modes of the plate the resonant trans-
mission increases from the panel into the acoustic domain. At higher frequencies, the STL calculations
are similar. Overall STL characteristics of all panel configurations show that porous inclusions and
thermoviscous losses via micro perforations induce acoustic energy losses far greater than those
achievable by the mass density law, especially at frequencies above the coincidence region.
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In practice, it is difficult to isolate the STL performance of a panel (or partition) due to flanking
transmission through air-borne or structure-borne paths, such as transmission through joints, sound
leakage from cracks and openings, and, if poorly designed, from the test facility itself. Assuming that
the thick concrete construction sufficiently blocks the noise coming from outside of the test rooms, also
blocking the transmission across the rooms, and that the vibration isolators are installed on the floors in
the construction of the facility, flanking transmission through the facility, i.e., Ff and Df in Fig. 1, will
be negligible compared to other sources. The filler wall with a small test opening is constructed from
heavyweight concrete or brick sections, and mineral wool is used to fill the gap in between. For thin
panels or lightweight partitions, this type of filler wall can block out most of the flanking transmission.
However, for multi-layer panels, such as the one in Fig. 2, there may occur flanking transmission due
to joints (bolt connections), air leakage due to improper sealing of the outer layer, or vibration trans-
mission from the filler wall radiating into the air cavity within the multi-layer panel thereby increasing
the sound pressure measured on the receiving room.

90 ; @

Analytical FEM

80 | Steel —_— Gb%

Steel + Polyester —

70 Steel + Polyester + Air Cavity + Micro Perf. —

60

50

STL (dB)

aoffy

10 10° 10° 10
Frequency (Hz)

Figure 3: Comparison of analytical (infinite panel theory) and numerical (COMSOL Multiphysics) studies of
sound transmission loss of a 1 m X 1 m panel with material combinations (Table 1).

In a numerical model possible flanking transmission sources and paths are implemented, such as the
ones in Fig. 1, as a case study to investigate the amount and significance of the flanking transmission in
STL measurement of a multi-layer panel. Point loads, shown by N1 to N5 in Fig. 2, denote the discrete
dynamic loads on the panel due to clamping via bolt connections. If the number these joints increase
across the perimeter of the panel, it can be assumed to have a uniform clamping on the panel which can
also be approximated by a distributed (line) load. Fig. 4a shows a comparison of different clamping
scenarios with respect to point and distributed line loads. Applying F = 0.01 N load through N1 bolt
connection shifted the STL across the frequency measurement range, whereas this change was limited
for additional bolt connections. It is observed that the increasing number of contact points for clamping
force converges to a distributed load case. The greater the clamping force directly applied on the panel,
the more effectively the panel radiates, as observed by the large shifts in STL for F = 0.05Nand 1 N
in Fig. 4b, indicating that loose bolt connections or uneven clamping force can contribute to significant
flanking transmission in an actual test.
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Air-borne transmission through slits and cracks and structure-borne energy leaking through indirect
transmission paths may also contribute to flanking transmission, as denoted by monopole point source
and boundary load (wall transmission) representations in Fig. 2, respectively. Though the selection of
the strength of these sources is arbitrary in this numerical study, it can be observed in Fig. 4c that these
flanking transmission paths can be significant in the measurement of STL from a multi-layer panel; in
particular, the monopole point source has shifted the STL by almost 10 dB around 1,200 Hz indicating
that airborne transmission paths can be more dominant at high frequencies (Fig. 4c¢).
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Figure 4: Investigation of the effect of point load (as approximation of clamping force) and flanking transmission
sources on the STL. (a) Comparing different number of point loads (of 0.01 N) and a distributed loading case

where N1 to N5 correspond to locations in Fig. 2; (b) Comparing the effect of the magnitude of point load on the
STL for all edges clamped case; (¢) Comparison of all three flanking transmission sources denoted in Fig. 2.

4. Conclusions

This paper has presented an initial numerical investigation into the quantification of flanking trans-
mission in multilayer panels by considering structural and acoustic transmission paths. It has been
demonstrated that point load of greater magnitude applied on the panel can reduce the STL perfor-
mance significantly due to increasing the acoustic radiation from the panel. The boundary transmission
and sound leakage may also induce considerable flanking transmission. Future work is needed to vali-
date these findings experimentally and improve the design of the test wall currently under construction
in order to obtain better STL predictions.
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